Abstract: Slush nitrogen (SN2) is a mixture of solid nitrogen and liquid nitrogen coexisting under an average temperature of -207ºC. In order to investigate whether plunging a French plastic straw (commonly used for spermatozoa cryopreservation) in SN2 may substantially increase cooling rates with respect to liquid nitrogen (LN2), a numerical simulation of the heat conduction equation with convective boundary condition was used to predict the cooling rates. Calculations performed using heat transfer coefficients in the range of film boiling confirmed the main benefit of plunging a straw in slush over LN2 does not arise from their temperature difference (-207ºC vs. -196ºC) but from an increase in the external heat transfer coefficient. Numerical simulations using high heat transfer (h) coefficients (assumed to prevail in SN2) suggested that plunging in SN2 would increase cooling rates of French straw. This increase of cooling rates was attributed to a less or null film boiling responsible for the low heat transfer coefficients in liquid nitrogen when the straw is placed in the solidliquid mixture or slush. In addition, it was demonstrated that predicted cooling rates of French straws in SN2 tends to level-off for high h values, suggesting heat transfer is dictated by the heat conduction within the liquid filled plastic straw. Pool boiling occurs when a relatively large volume of fluid surrounds the surface 59 of a submerged object, and the fluid is not flowing itself. As soon an object is plunged 60 into LN 2 it enters into the so-called film boiling regime due to the large temperature 61 difference between the object and LN 2 [5, 6] . This determines a heat flow from the object 62 to LN 2 causing the latter to boil in the immediate vicinity of the object creating a pocket 63 of nitrogen vapor around it which acts as "insulator" and retards further heat transfer. 64
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Film boiling is also referred to as the "Leidenfrost effect" [7] . The object then will cool 65 down, rather slowly due to the low heat transfer rates and the "minimum heat flux" point 66 will be reached. Vapor film will then break off while the heat flux progressively increases 67 as transition boiling regime is established. It is only at this point that nucleate boiling is 68 reached; this event is characterized by a steep increase of the heat flux and up to a point 69 called the" maximum heat flux" [5, 8] . Nowshari and Brem [18] in their study with mouse embryos plunged 0.25 ml straws in 95
Liquid nitrogen has a temperature of -196ºC while SN 2 has a temperature in the 97 range of -205ºC to -210ºC (average -207ºC). It was hypothesized that the main benefit of 98 quenching with the slush instead of liquid nitrogen is not derived from the temperature 99 difference between the two systems, but mainly from the fact that SN 2 minimizes the 100 insulating vapor layer associated with LN 2 cooling. It is noteworthy that Katkov et al. [19] 101 suggested that calculation of cooling rates was a convenient procedure due to difficulties 102 associated with the direct measurement of temperatures in small cryopreservation devices. 103
The aim of the present work is to perform a numerical simulation of cooling rates in 104 plastic French straw (commonly used for spermatozoa cryopreservation) in order to verify 105 if the utilization of SN 2 actually improves cooling rates. For this purpose, the unsteady-106 state heat conduction equation for concentric cylinders was numerically solved taken into 107 account convective heat transfer coefficients which typically describe the straw plunging 108 in LN 2 and SN 2 and assuming that ice formation during cooling was avoided (i.e. conduction. For modelling purposes two concentric cylinders were considered; the inner 116 cylinder was assumed to be water-filled and the outer cylinder was the straw 117 manufacturing material. Heat transfer through the straw wall and into the liquid column 118 inside was considered to proceed by conduction. The physical model system was 119 described in a previous publication [13] . 120
The heat conduction partial differential equations for the axisymmetric problem in 121 cylindrical coordinates, for each material i, ( i=1 cryopreserved spermatozoa suspension; 122 i=2 plastic straw material) is represented as follows: 123 considering constant temperature at the surface (h) the calculated cooling rates were 167 1376ºC/min and 1510ºC/min for -196ºC and -207 ºC respectively (an increase of 9.7%). 168
Thus, main benefit of quenching with the slush instead of liquid nitrogen is not derived 169 from the temperature difference between the two systems. 170 
